The occurrence of harmful microalgae in aquaculture areas is a potential cause of human health problems and economic and environmental losses. In southern Brazil, coastal aquaculture activities are increasing and the assessment of harmful algal risk is critical. Here, we report the occurrence of six dinoflagellate and two diatom toxic species and other potentially harmful microalgae in a prominent mussel culture area (Armação do Itapocoroy Bight). The highest risk of paralytic and diarrhetic shellfish poisoning was associated with dinoflagellate blooms of Gymnodinium catenatum (1.6 104 cells L-1) in autumn, and of Dinophysis acuminata complex (>103 cells L-1) from mid-winter through spring. Other potentially toxic microalgae observed were Pseudo-nitzschia spp. (diatoms) and Alexandrium sp. (dinoflagellate). Stochastic events related to dynamic oceanographic features appear to play an important role in triggering and determining the magnitude of toxic blooms inside the bight. Our results strongly support the need for official monitoring programs in this and other Brazilian coastal aquaculture areas to ensure public safety.
INTRODUCTION
About 5% of the approximately 5,000 currently described microalgae species are considered to be harmful, as they generate negative economic, environmental or public health impacts (Hallegraeff 2004a) . Harmful processes include, but are not limited to, high biomass production, which causes physical, chemical and biological alteration of the marine environment, and production of toxins (Fogg 2002) . Toxins produced by microalgae may directly harm organisms, or bioaccumulate in the trophic chain, causing intoxication and, in extreme cases, death of consumers of contaminated mollusks, crustaceans or fish. The main toxins produced by microalgae are the saxitoxins and congeners that cause paralytic shellfish poisoning (PSP), the okadaic acid and congeners that cause diarrhetic shellfish poisoning (DSP) and the domoic acid and derivatives that cause amnesic shellfish poisoning (ASP). Human deaths due to these toxins are estimated to exceed several hundred cases per year (Zingone & Enevoldsen 2000) . persons were intoxicated and mussel collection and commercialization had to be temporarily suspended . Research on harmful algae in Brazil has significantly increased in the last decade (Odebrecht et al. 2002) ; however, environmental studies focusing on harmful species are scarce. Here, we present the results of a three-years study (January 2000 to December 2002) dedicated to assess the occurrence of harmful algae in a prominent mussel farming area in southern Brazil. In this area, mariculture activities were initiated at the end of the 1980's, currently exceeding 95% of the national production of oysters (Crassostrea gigas) and mussels (Perna perna). Oyster production has increased from 55 tons produced in 1995 to 2,196 tons in 2003, and mussel production has increased from 190 tons in 1990 to 8,608 tons in 2003 8,608 tons in (FAO 2008 . The identification of harmful and potentially harmful species, their toxic profiles, and variability patterns of toxin content per cell, is therefore critical information for the safe management of these aquaculture areas. Sanitation and water quality programs aimed at increasing product quality for both national and international markets are currently being designed in southern Brazil, requiring the knowledge of harmful microalgae risk in coastal aquaculture areas, such as the one provided in this study.
Additionally, we explore environmental conditions that might have contributed to the development of blooms in the study area in order to identify suitable predictors of harmful outbreaks in the region and their proper management. Our bloom concept follows Smayda (1997) in that a species does not have to achieve high population density to be in a bloom state. For example, it may be in bloom at population level of 104 cells L-1 or less, compared to its lower level of 102 cells L-1. In a broader context, our findings contribute to the knowledge of biogeography and events of harmful algae species, which are far hampered by gaps in referenced reports (Zingone et al. 2006) .
MATERIAL AND METHODS

Study Area
Armação do Itapocoroy Bight (AIB, Fig. 1 ) is a small coastal area (6.7 km2) with maximum depth of 15m, average depth of 8m, and tidal flushing time of 3.6 days (based on a T 50% tidal prism) (Schettini et al. 1999) . The AIB's north-facing orientation and the positioning of nearby coastal hills protect it from waves associated with the passage of fronts from the south, providing shelter and favorable conditions for mollusk farming (Schettini et al. 1999) . The AIB has served as a mussel farming site, mainly for Perna perna, since the early 1990's. Measurements of dissolved inorganic nutrients (PO43+ 0.007-4.5 µM;
H4SIO4 0.86-50.8 µM; NO3 0.06-5.4 µM; NH4+ 0.75-19.1 µM), and of chlorophyll (0,4-10,1 mg L-1) (Chevarria 1999) indicate that AIB's trophic degree is moderate when compared to the adjacent coastal shelf, and similar to other bays used for mariculture in Santa Catarina state (Proença 2002) . 
Sampling
Water and plankton samples were collected from a site within the farm area ( Fig. 1) at approximately 5 to 14-day intervals, between January 2000 and December 2002, except in February 2002, when no samples were collecteD. Vertically integrated water samples were collected from a dinghy using a 2.4 cm-diameter plastic hose adapted with a valve for upper closure (Venrick 1978) . The hose was 5 m long, corresponding to the depth of the water column at the collection site. After discharging the content of the hose into a bucket for homogenization, 200 ml aliquots were preserved in amber-color bottles using a 2% Lugol solution (Throndsen 1978) for quantitative analysis of phytoplankton. For the qualitative analysis, samples were concentrated with a conical net (20 µm mesh), stored in plastic bottles, and preserved with formaldehyde 4%. Water temperature (mercury thermometer ±1 °C), salinity (refractometer ±1) and transparency (Secchi disk) were measured at the site.
Analysis
Potentially harmful microalgae were identified to the lowest possible taxon and counted using sedimentation chambers (10 or 50 ml) under a Zeiss Axiovert 135 inverted light microscope, following the Utermöhl method (Hasle 1978) . Photographs were taken using a Contax 167 MT camera/ 400 ASA film, or a JVC or Diagnostics Instruments Spot Insight digital camera, either attached to the inverted light microscope or to a Zeiss Axioplan transmitted light microscope. For the taxonomic study of Pseudonitzschia spp., selected samples from the year 2000 were prepared according to the slow method for cleaning frustules (Christensen 1988) and observed under a Zeiss transmission electron microscope. Cellulose plates of Alexandrium spp. were stained with CalcoFluor White (10 mg ml-1 stock solution and 2-10 mg ml-1 working solution of CalcoFluor White 2MR, Fritz & Triemer 1985) , and studied under a Zeiss Axioplan epifluorescence microscope equipped with excitement 440 nm and emission 500 -520 nm filters. Spearman's correlation tests were applied to the abiotic variables. 
RESULTS AND DISCUSSION
Environmental parameters
Water temperature (T) ranged from 12 to 30 °C (Table 1 (Schettini et al. 1999) . Previous studies reported S and Tr values to be inversely correlated in the AIB (Schettini et al. 1999; Proença & Schettini 1998) . We, however, found no significant statistical correlation among T, S and Tr.
Major shifts in T and S inside the AIB are typically related to dynamical processes in the adjacent shelf, specifically the relative contribution of: (a) warm haline water of tropical origin, (b) cold haline Subtropical Water that upwells onto the shelf (Silva et al. 1984) , and (c) low salinity water either from the Itajaí-açu river discharge, located approximately 20 km south of the study area (Schettini et al. 1999) , or from the Brazilian Coastal Current (BCC) originated southward (Lat. 35-32º S) from the mixture of waters of the La Plata River, the Patos Lagoon, and Southwest Atlantic Ocean Subtropical Shelf Water (Piola et al. 2005; Souza & Robinson 2004) . The BCC moves northward, reaching the study area's latitude (26º S) in the austral winter and spring. 
Microalgae
Traditionally, microalgae species classification is based on general cell and colony morphology and biogeography (Hallegraeff 2004b ). However, species definition based solely on these criteria may be impaired due to intraspecific and life cycle morphological variations (Taylor 1987; MacKenzie 1992; Reguera & González-Gil 2001) . Analyses of species' genetic composition and cellular ultrastructures are useful in clarifying taxonomy, although in field studies, microalgae are frequently identified through the morphologic characteristics of their morphospecies (Taylor 1993) . During our study,
we observed a total of six dinoflagellate and two diatom species known to produce toxins according to the IOC Taxonomic Reference List of Toxic Plankton Algae (Moestrup 2004) , some of which occurred in abundances considered to be of risk. In addition, we observed five species and genera of dinoflagellates, diatoms and cyanobacteria which have been associated with harmful events elsewhere, or are known to include potentially harmful species (Tab. 2). 
2004
). The identification of naked dinoflagellates such as G. catenatum may be hindered by the use of preservatives that tend to shrink the cells. However, the preserved cells of G. catenatum observed in this study were about 32 mm long and 28 mm wide and therefore significantly larger than cells of Gyrodinium impudicum, the one species that is usually mistaken for G. catenatum (Fraga et al. 1995) . Seasonal blooms of G. catenatum are common in Uruguay from late austral summer through the autumn (Méndez & Ferrari 2002) , and in autumn in Argentina (Akselman et al. 1998) . In the AIB, PSP toxins were first detected in mussel extracts from July, 1997 (Proença et al. 1999) . G. cf. catenatum was found in a sample from November, 1998, and final toxicity confirmation came when toxin analysis (bioassays with mice) of G.
catenatum chains collected in April, 1999, and maintained in culture resulted positive (~ 28 pg STXeq. cell-1) (Proença et al. 2001 ).
Significant environmental changes (T 28º C to 20º C to 26º; S 31 to 35 to 31) took place in the AIB weeks before the G. catenatum bloom occurreD.
These are indicative of the advection of colder and saltier waters, characteristic of upwelled Subtropical Water, STW (Silva et al. 1984) . The STW is nitrate rich (Niencheski & Fillmann 1997) and this exchange of waters probably triggered the bloom in the bight.
The cells that served as inoculum, could have been advected into the AIB or germinated from benthic cysts suspended from sediments. G. catenatum produces resting cysts viable in the sediment for many years (Dale 1983) . If stimulated by environmental changes, these can germinate in as little as two weeks (Blackburn et al. 1989) . Preliminary results from an ongoing research on dinoflagellate cysts in the AIB and the adjacent shelf confirm the presence of Gymnodinium cysts in the area (Proença, personal communication) . The alongshore northward transport of G. catenatum associated with the Brazilian Coastal Current was observed in the southern Brazilian shelf in austral autumn (Odebrecht et al. 2007 ). Both, a local origin of vegetative cells and alongshore transport of offshore populations have been claimed as inoculum sources for cases in Tasmania and in Spain, respectively (Hallegraeff & Fraga 1998) . In any case, the absence of G. catenatum during two consecutive years leads us to suggest that stochastic physical processes are important factors for bloom initiation and success in the AIB. (Fig. 3, 4) . The bloom of D.
acuminata complex began at the end of July, 2000, a week after a cold water mass (12 0C) had moved into the AIB and it lasted ~50 days. The bloom developed at relatively low T and S values (respectively, 15-17 ºC and 31-32). It reached highest concentration (9.8 103 cells L-1) in three weeks, and died-off by midSeptember. Accompanying mice tests for DSP came out positive (test dates: 08/13/00, 08/20/00, 08/27/00, and 09/08/00), and okadaic acid (OA) was detected in phytoplankton and mollusk samples collected in early August (Schmitt & Proença 2000) . D. acuminata produces OA and other DSP-toxins, and can cause shellfish toxicity at concentrations as low as 2 102 cells L-1 (Lassus et al. 1985; Faust & Gulledge 2002) .
The detection of OA in mollusks from the AIB (Proença et al. 1998a,b) and the informal reporting of consumer intoxication indicate a latent problem at the coast of Santa Catarina (Proença et al. 1999) . Our results seem to reveal a prominent interannual variability in abundance, and seasonal patterns of occurrence of D. acuminata complex inside the AIB.
After the winter/spring bloom of 2000, the morpho species was undetectable throughout most of were found to be non-toxic (Méndez & Medina 2004 ). In addition, various Dinophysis spp. are known to achieve modest blooms during coastal upwelling relaxations, such as the observed in the Iberian Peninsula (Reguera et al. 1995) . Smayda and Reynolds (2001) (Fig. 4. B, C) . The size of the smallest cells (length 35 mm; width 24 mm) was below the size range registered by Faust and Gulledge (2002) and Balech (1988 Balech ( , 2002 for this species (length 38-58 µm, width 30-40 µm; length 39-53 µm, width 33-46 µm, respectively). 
Alexandrium
We found Alexandrium spp. in 41% of the samples in every season of the three years, always in low concentration (< 3.8 103 cells L-1). Alexandrium comprises 11 toxin-producing species (saxitoxins and congeners); however, many species of this genus are toxic and there is variability in toxicity in some of them, a bloom of any member of this genus should be viewed with concern for possible PSP in local shellfish (Taylor et al. 2004 ). In the AIB, A. fraterculus (Fig. 7) was registered in five occasions in 1997 (102 cells L-1, Rörig et al., 1998a) , and in 2004 a conspicuous bloom (105 cells L-1) was registered for the first time (Omachi et al. 2007) . A. fraterculus has been found to be non-toxic in the AIB (Proença et al. 2001; Omachi et al. 2007) as in other places (Steidinger & Tangen 1996; Taylor et al. 2004; Landsberg 2002) . This is a warm water species mainly found in Brazilian coastal regions, La Plata River outlet, and near the coast of Argentina at 38o S (Balech 1988 (Balech , 2002 .
The observation of giant cells in an
Alexandrium sp. chain revealed a vermiform parasite infection, typical of the dinoflagellate Amoebophrya (Fig. 3) . The most abundant species -P. minimum + P. balticum (Fig. 8) were counted as a group as they may be indistinct during routine countings, due to their tiny size. They co-occurred in 52% of the 71 occasions in which they happened, in wide ranges of T (19-28 °C), S (29-36) and Tr (1.6-6 m). P. minimum is known to produce toxins and presents harmful effects in marine organisms, while P. balticum is not known as toxic (Steidinger & Tangen 1996; Faust et al. 1999) . P. minimum had been observed in the AIB reaching 103 cells L-1 in September 1996 . Further south in the Patos lagoon estuary, both species are common in autumn and winter, reaching high concentration (106 cells L-1, Abreu et al. 1994; Odebrecht et al. 1995 , Bergesch 2003 . Further north in Paranaguá Bay (25030'S, 48030'W), P. minimum occurs from spring to autumn (Mafra et al. 2006) . The planktonic, cosmopolitan, coastal Prorocentrum micans was frequently found (53% of samples) in low concentration (<2 103 cells L-1). P. micans is known for extensive water discolorations (Taylor et al. 2004; Landsberg 2002 ). In the non-toxic bloom registered in August 2001 near the outlet of the Itajaí-açu river (Proença 2004) , P. micans co-occurred with Myrionecta rubra and Dinophysis acuminata. Other Prorocentrum species, P. scutellum, P. sigmoides and P. rostratum occurred sporadically and in low abundance.
Other dinoflagellates and silicoflagellates
The dinoflagellates Ceratium spp., Noctiluca scintillans and the silicoflagellate Dictyocha fibula, which are potentially harmful when in high concentration (Landsberg 2002) , occurred sporadically in low abundance.
Diatoms
Pseudo-nitzschia
We observed Pseudo-nitzschia, a potential producer of domoic acid (DA), in 72% of the quantitative samples in all seasons (Table 2) Our analysis of selected samples from the year 2000 revealed the occurrence of P. calliantha in January and December, P. pungens in March and May, and P.
cf. turgidula in March. P. calliantha is cosmopolitan with at least two known events of DA production (Lundholm et al. 2003) . In the study area, detection of DA in a concentrated sample from December 2000 (Proença, unpublished data) coincided with the presence of P. calliantha in the water, suggesting a relationship. This species presents a wide distribution in southern Brazil, northward and southward of the AIB (Mafra et al. 2006; Moreira 2004) . P. pungens is also cosmopolitan (Hasle 2002) , and a potential DA producer (Rhodes et al. 1998; Trainer et al. 1998) . P.
pungens has been registered in southern and southeastern Brazil (Odebrecht et al. 2001; Villac & Tenenbaum 2001) and in Argentina (Negri & Inza, 1998) . The classification of P. turgidula as cosmopolitan has been questioned due to its doubtful documentation (Hasle 2002 
Cyanobacteria
Trichodesmium
The colonial cyanobacterium Trichodesmium (Fig. 9 ) is widely distributed in subtropical and tropical oligotrophic waters (Capone et al. 1997; Janson et al. 1999 ) and blooms of some species are harmful to the marine fauna (Landsberg 2002) . We found
Trichodesmium trichomes in 30% of the water samples from the AIB (Table 2) , with highest concentration of 2.4 104 trichomes L-1 (mostly T. erythraeum) in October, 2002. The morphological identification of Trichodesmium species is difficult when the trichomes are free floating (Janson et al., 1995 (Janson et al., , 1999 and a close relation with the genus Katagnymene has been proposed (Orcutt et al. 2002) .
We observed colonial morphospecies of T. erythraeum and T. thiebautii (Fig. 9 ) predominantly between October and April, but free trichomes were found earlier (August, 2002) in net samples for six consecutive months, some resembling Katagnymene pelagicus ( Fig. 9. G) . Blooms of T. hildebrandtii, T.
erythraeum and T. thiebautii have been registered off the 40 m isobath in the coastal waters of Santa Catarina from austral spring to autumn (Guimarães & Rörig 1997; Rörig et al. 1998b) . At the continental slope, the Brazil Current transports oligotrophic tropical waters from lower to higher southern latitudes year-round, and meanderings may serve as dispersion mechanism to the adjacent coastal area (Carvalho et al. 1998) . Previous toxicity bioassays and HPLC analyses of samples from Santa Catarina containing predominantly T. hildebrandtii resulted negative for microcystins . In
Uruguay, non-toxic blooms of T. erythraeum are common during the summer (Méndez & Ferrari 2002) .
CONCLUSIONS
The occurrence of harmful algae in the AIB poses serious risk of seafood contamination by PSP, DSP and ASP toxins, being produced by The other microalgae identified during this study do not represent an imminent risk to public health or to the mariculture industry, but it would be prudent to also keep them under surveillance.
Our results reinforce the need of public policies for coastal aquaculture management in Brazil. Official programs to (1) evaluate toxins and microalgae, (2) develop handling strategies in case of toxic events, and (3) expand and coordinate research on potentially harmful microalgae, are urgent in order to avoid future health emergencies and economical losses.
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